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Introduction
To facilitate the clinical implementation of prospective pharmacogenomic screening for INH-DILI in these South and Southeast Asian countries, it is imperative to determine the genetic and clinical relevance of INH-DILI pharmacogenomic biomarkers in representative populations. Therefore, the objective of this study was to assess the association between selected candidate SNPs and the risk of INH-DILI, and to assess the clinical validity of associated variants in a multiethnic Singaporean population representative of the Southeast Asian region.
Results

Clinical and demographic characteristics
A total of 104 patients were recruited (S1 Fig). One patient failed genotyping quality control (QC) due to sex mismatch, leaving 103 patients (24 cases and 79 controls) for analysis. No samples were removed due to high identity-by-state (IBS). The clinical characteristics of cases and controls are shown in Table 1 . Most cases had grade 2 (41.7%) or grade 3 (54.2%) INH-DILI and only 1 patient had grade 4 INH-DILI. The median onset time for INH-DILI was 17.5 days (range 4-111 days), which is consistent with the typical onset time of 2 weeks to 6 months [2] . Cases were more likely to be female than controls (p = 1.80 x 10
) and were more likely to be of 'Other' ethnicity (Table 1) .
After removing SNPs with call rate <95% or deviation from Hardy-Weinberg Equilibrium (HWE) within Chinese patients, 536859 SNPs remained. Principal components analysis (PCA) performed using our genome-wide SNP data showed distinct clustering according to self-reported ethnicity, except for 'Others' which was spread between the Chinese and Malay clusters (S2 Fig) . Although Mann-Whitney U tests on the first 10 principal components (PCs) by case control status were not statistically significant, we used the first 2 PCs to adjust for ethnic differences in subsequent analyses based on the fact that there were different ethnicities in our cohort, scree plot of the eigenvalues (S3 Fig 
Pharmacogenomic association analysis
We performed a comprehensive literature review of INH-DILI and identified 20 candidate SNPs with prior evidence of association with INH-DILI, minor allele frequency (MAF) > 0.05 in at least 1 population and present in our genotyping panel (S1 Table) , which we tested for association in our cohort. Of these 20 candidate SNPs, 2 SNPs (rs1041983 and rs1495741), both in the NAT2 gene, were significantly associated with INH-DILI in our cohort after correction for multiple correlated tests. The recessive model was most significant for rs1041983 (OR (95% confidence interval (CI)) = 13.86 (4.30-44.70), adj P = 4.754 x 10 −4 ), whereas the dominant model was most significant for rs1495741 (OR (95% CI) = 0.10 (0.03-0.33), adj P = 0.004) ( Table 2 & S2 Table) . Analyses using the first 5 PCs, 20 PCs or self-reported ethnicity instead of the first 2 PCs yielded very similar results. Association with INH-DILI severity by ordinal logistic regression also yielded very similar results (S3 Table) . Cluster plots of these 2 SNPs showed clear clustering of genotypes (S4 Fig) .
We next inferred acetylator phenotype using a 4 SNP panel, which did not include either of the 2 significant SNPs [14] . Thirty-five patients (34%) were predicted to be SA. SA status was significantly associated with INH-DILI compared to intermediate acetylator (IA) + rapid acetylator (RA) (OR (95% CI) = 9.98 (3.32-33.80), logistic regression p = 8.36 x 10
−5
). Results from Fisher's exact test were similar (S4 Table) . The frequencies of the risk alleles showed an increasing trend with DILI grade (Fig 1) .
Genetic associations may be specific to certain populations. To determine if the associations we observed were consistent across all ethnic groups, we also explored the association between NAT2 acetylator status and the 2 significant SNPs within the 3 major ethnic groups in our cohort. The effect sizes remained similar in Chinese but were smaller and consistent in direction in Malays and Indians (S5 Table) . 
Pharmacogenomic risk prediction analyses
Next, we investigated the accuracy and clinical significance of NAT2 acetylator status and the 2 significant NAT2 SNPs in predicting INH-DILI. Based on the estimated prevalence of serum aminotransferase elevations of 10% [2] , we estimated the sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of predicting INH-DILI at a prevalence of 10% from NAT2 SA status to be 75%, 78%, 28% and 97%, respectively. Interestingly, the 2 significant NAT2 SNPs also demonstrated similar performance measures, though rs1041983 had slightly lower sensitivity but higher specificity and PPV (Fig 2) . As PPV and NPV are dependent on prevalence of the outcome, we also calculated these values for a range of prevalence from 5-20%. While PPV varied considerably (16-47%), NPV was within a narrow range of 93-98% (S6 Table) . The population attributable fraction (PAF) and number needed to test (NNT) for NAT2 SA were estimated to be 0.67 and 4.08, respectively. To examine if NAT2 significantly improves INH-DILI prediction over clinical factors, we then compared the predictive accuracy of a model using clinical variables alone to models that NAT2 and isoniazid-induced liver injury in Singaporeans included NAT2 acetylator status using receiver operating characteristic (ROC) curves (Fig 3) and Youden's index. The addition of NAT2 acetylator status provided significantly better prediction over a model with clinical variables alone (area under the curve (AUC) = 0.863 vs. 0.766, respectively, p = 0.027) (Fig 3) . We also assessed the additional contributions of rs1041983 and rs1495741 individually as a comparison to NAT2 acetylator status. Models with clinical factors and the 2 SNPs separately also performed similarly, with AUCs of 0.861 (rs1495741) and 0.853 (rs1041983) (S5 Fig). Interestingly, both models with clinical factors and rs1495741 or rs1041983 were significantly better than clinical factors alone (p = 0.029 and 0.038, respectively), but not significantly different from one with clinical factors and NAT2 acetylator status (p = 0.678 and 0.592, respectively). The Youden's indexes for clinical factors alone, clinical and NAT2 acetylator status, rs1495741 or rs1041983 were 0.500, 0.698, 0.672 and 0.656, respectively.
We further explored the correlation between the 2 SNPs and NAT2 acetylator status in order to determine how well these SNPs tag NAT2 acetylator status in the Singaporean NAT2 and isoniazid-induced liver injury in Singaporeans populations. We found that the rs1495741 AA genotype had almost complete concordance (98.1%) with the SA phenotype (S7 Table) .
Discussion
Here we assessed the association of previously identified pharmacogenomic biomarkers for INH-DILI in a multiethnic Singaporean population. The major findings of this study are that we confirmed the association for 2 NAT2 variants and NAT2 SA status with INH-DILI in this population for the first time. The effect size of 9.98 (95% CI: 3.32-33.8) that we observed was larger than the pooled ORs of 3.1 (3.10 (95% CI: 2.47-3.88) and 3.08 (95% CI: 2.29-4.15)) in prior meta-analyses, although the 95% CIs overlap [12, 13] . The effect size we found was also similar to that reported in some studies in Japanese and Iranian populations [17, 22, 41] . This is the first study to report on the association of NAT2 variants and INH-DILI in a Singaporean population, and adds to the body of literature on the importance of this marker as a predictor of INH-DILI. We also demonstrate the potential clinical utility of NAT2 genotyping for INH-DILI prediction in these Southeast Asian populations.
Our study had >75% power to detect associations for variants with MAF ! 0.15 and allelic OR ! 4.5 at a significance level of 0.003 (Bonferroni corrected alpha level for 17 independent SNPs). The MAF of majority of the candidate SNPs outside NAT2 (except TNF rs1800629) were > 0.15, so the lack of replication of these variants in our study was likely because the true effect sizes were too small to be detected.
We further demonstrated the clinical validity of testing for NAT2 variants for the prediction of INH-DILI in patients receiving anti-TB drugs. Based on the effect size in our study, NAT2 is an effective test for ruling out INH-DILI if patients are found to not have SA status, owing to the high NPV. Importantly, the NPV is robust to uncertainties in the INH-DILI prevalence. This is potentially clinical significant, as it suggests that patients found to be non-SA could safely undergo treatment with INH with limited monitoring for DILI and high confidence that INH-DILI would not occur. Conversely, patients with SA status would likely benefit from closer surveillance for the development of DILI. Two-thirds of INH-DILI cases can be attributed to the presence of NAT2 SA, and about 4 patients would need to be tested to prevent one case, if followed by an intervention that effectively mitigates the risk of INH-DILI. NAT2 was also shown to significantly improve INH-DILI prediction over clinical factors alone. To our knowledge, this is the first study to include an assessment of the clinical validity of NAT2 for INH-DILI, which is a necessary step towards clinical implementation of this drug-gene pair. Future studies will be able to formally assess the cost-effectiveness of NAT2 genotyping based on the clinical validity of the test as determined in our study.
Our results add to the body of evidence supporting the use of NAT2 acetylator status for prediction of INH-DILI. For individuals found to be at high genetic risk of INH-DILI, doseadjustment based on NAT2 genotype may represent a strategy to reduce the risk of DILI. A clinical trial of pharmacogenomic-guided INH dosing in a Japanese population demonstrated a significant reduction in INH-DILI when NAT2 SA were administered a reduced, without compromising treatment effectiveness [42] . Another pilot study linking NAT2 genotype and INH serum concentration also supports pharmacogenetic-guided INH dosage regimens [43] . Further work is needed to establish evidence-based genotype specific clinical recommendations for NAT2 [44] .
While NAT2 acetylator status has been consistently associated with INH-DILI, results for individual NAT2 SNPs are much more variable. For example, rs1799930 was significantly associated with INH-DILI in some studies [23, 27, 32, 34, 35, 45, 46] but not others [24, 29, 31, 47, 48] . One possibility for this observation could be the imperfect tagging of NAT2 acetylator status by a single SNP, which we also observed in our study. A tag SNP for NAT2 acetylator status (rs1495741) was identified in a bladder cancer GWAS in Europeans [49] . Other studies have also found high concordance between rs1495741 and NAT2 acetylator status in Asians, Europeans and admixed Americans, but not in Africans [15, 50] . Consistent with these observations, we also found high concordance between rs1495741 and NAT2 acetylator status in our cohort. The presence of African Americans in the study of Hein et al. may explain the high misclassification rate for rs1495741 reported in that study [14] . Taken together, our results suggest rs1495741 could be used to tag NAT2 SA with high accuracy in Southeast Asian populations.
There are several limitations to our study. Firstly, we did not have sufficient Malay and Indian patients to thoroughly explore the ethnic specificity of the associations in those subgroups. However, it appears that the effect is consistent across the 3 major ethnic groups though the associations in Malay and Indian populations alone did not reach statistical significance due to small sample size. Secondly, some variants previously associated with INH-DILI were not included due to the nature of our genotyping assay. However, a review of these excluded variants found none of sufficient priority in terms of strength of evidence. Most variants were from single studies or were not significant in meta-analyses (GSTM1 and CYP2E1 rs6413432). We therefore chose not to genotype or impute them in our study. Thirdly, our study focused on specific candidate gene variants, and did not identify new genetic variants for INH-DILI. Future studies which combine multiple cohorts will be needed to perform GWAS for INH-DILI with appropriately powered sample sizes. Lastly, it was not possible to identify definitively the causative drug for the DILI as patients were taking 4 drugs simultaneously, but INH has the highest hepatotoxic potential among the drugs. All DILI cases were re-challenged and 80% of them tolerated INH upon re-challenge and completed their treatment. However, this is in line with reports that up to 80% of suspected INH-DILI cases tolerate reintroduction of treatment after the resolution of the initial injury [2] .
In conclusion, we have reestablished the association between NAT2 SA and INH-DILI in a Singaporean population and demonstrated its clinical validity in prediction of INH-DILI. Clinical studies and pharmacoeconomic analyses are now needed to support the clinical implementation of NAT2 pharmacogenetic testing for INH-DILI in Singapore.
Material and methods
Recruitment and detailed clinical characterization of patients
Cases of INH-DILI were defined as patients with Common Terminology Criteria for Adverse Events (CTCAE) v4.03 grade 2 and above for levels of aspartate transaminase (AST) and/or alanine transaminase (ALT) (i.e. >2.5x upper limit of normal (ULN)) [51] , and were recruited retrospectively. Patients with active TB from 2014 to January 2016 were identified from the National TB registry, and those treated at the TB Control Unit (TBCU) in Tan Tock Seng Hospital were screened. Potential cases were shortlisted if their TB treatment was interrupted because of drug-induced liver reactions. A trained research nurse reviewed the medical records of these patients to determine if they met the inclusion criteria: i) undergoing treatment of active TB, ii) on anti-TB drugs which should include INH, rifampicin, pyrazinamide, and ethambutol, and iii) 21 to 95 years old. Patients were excluded if they had any of the following: i) unable to provide informed consent, ii) pregnant or breast feeding, iii) alcoholism, iv) chronic hepatitis B or C and other types of hepatitis or v) HIV co-infection. There was no limitation on the co-administration of drugs unrelated to TB treatment but we also assessed the possible contribution of potentially hepatotoxic drugs. For this purpose, drugs classified in categories A (>50 published reports) and B (13-50 published reports) for likelihood of causing DILI were considered hepatotoxic [52, 53] . Eligible cases were then recalled for informed consent and blood sampling.
Control patients were recruited from October 2015 to April 2016 and were eligible if they had completed 6 months of TB treatment in TBCU with no symptoms of hepatotoxicity during treatment, and had normal post-treatment liver function tests (LFTs). All patients received their anti-TB treatment under direct observed therapy and all controls were adherent to therapy.
Blood or saliva was collected from recruited patients and deoxyribonucleic acid (DNA) extracted using the prepIT-L2P kit (Genotek, Ottawa, Canada) and DNeasy Blood & Tissue Kit (Qiagen GmbH, Hilden, Germany), respectively, according to manufacturer's instructions. Clinical data were collected from all patients, including demographics, drug treatment details, baseline and follow-up LFTs, which occurred at the point of onset for cases or 6 months after treatment initiation for controls. All patients gave their written informed consent and the study was approved by the National Healthcare Group Domain Specific Review Board.
Genotyping and quality control
All samples were genotyped using the Illumina HumanOmniExpress-24 beadchip v1.2 (Illumina, San Diego, CA). To verify the accuracy of all genotyping results, multiple positive and negative (water) controls as well as duplicate samples were included in the assays. No genotyping errors were detected with the use of these controls. To remove any samples or SNPs with genotyping failure or errors, QC filtering was performed to remove samples with high IBS, discordant sex, excess heterozygosity or call rate <95%, and SNPs with call rate <95%, deviation from HWE in Chinese (p <1.0 x 10
−6
). All Chinese patients (cases and controls) were chosen as the population for HWE testing to remove SNPs with genotyping errors in view of the presence of population mixture and small sample size. PCA was performed and we included PCs as covariates to adjust for population structure. Cluster plots of SNPs reaching statistical significance were inspected visually.
Candidate SNP selection
A comprehensive literature search was performed via PubMed to identify previous pharmacogenomic studies on INH-DILI using the key words (isoniazid OR tuberculosis) AND (liver injury OR hepatitis OR hepatotoxicity) AND (pharmacogen Ã OR gene OR genetic OR allele Ã OR variant Ã ) on 7 Oct 2016. We also searched the publication list for INH in the Pharmacogenomics Knowledgebase (PharmGKB) [54] , a publicly available resource with manually curated knowledge on the impact of human genetic variation on drug response, to supplement the primary literature search. Genetic variants that have been found to be associated with INH-DILI at least once were then screened for their allele frequencies in Chinese, Malays and Indians using the Singapore Genome Variation Project database [40] or 1000 genomes (Southern Han Chinese (CHS) and Sri Lankan Tamil from the UK (STU), which has previously been shown to be very similar to Singaporean Indians) [55, 56] , and their presence in the genotyping panel.
Statistical analysis
The primary study was designed as a case control study comparing a group of adult TB patients with INH-DILI with a drug matched control group without INH-DILI. We compared clinical characteristics between cases and controls to identify any that were significantly different (P < 0.05) between the 2 groups using t-test, Mann-Whitney U test, chi-square test or Fisher's exact test as appropriate. The associations between the candidate SNPs and INH-DILI were tested using logistic regression under different genetic models (additive/dominant/ recessive), with gender and the first 2 PCs as covariates. Results were presented as P-values and OR with 95% CIs. To adjust for multiple testing, we calculated adjusted P-values using P ACT , a computationally efficient method which takes into account correlation due to linkage disequilibrium and different genetic models [57] . Adjusted P-values of <0.05 were considered statistically significant and the genetic model with the lowest P-value was used for further analyses. The distribution of the individual alleles and genotypes between cases and controls for the associated variants were also assessed and the P-values and ORs with 95% CIs for each of the respective alleles and genotypes estimated using Fisher's exact test.
We inferred NAT2 acetylator status using a 4 SNP panel (rs1801280, rs1799930, rs1799931 and rs1801279), where RA were homozygous common for all SNPs, IA were heterozygous for any SNP and SA were heterozygous for !2 SNPs or homozygous variant for at least 1 SNP [14] . rs1801279 was not included in our candidate SNP list as it was not present on our genotyping panel and expected to be monomorphic in Chinese, Malays and Indians (S1 Table) . We therefore considered this SNP to be homozygous wild type in our cohort. The association between NAT2 acetylator status and INH-DILI was tested using logistic regression with covariates included, as well as Fisher's exact test. All statistical tests performed were 2-sided.
To evaluate the clinical utility of NAT2 acetylator status and associated SNPs, we calculated the sensitivity, specificity, and estimated the PPV and NPV using Baye's theorem assuming a prevalence of 10% [58] . To take into account uncertainty in the estimation of INH-DILI prevalence, we also performed a sensitivity analysis for the PPV and NPV over a range of prevalences (5-20%). We further calculated the PAF and NNT to detect 1 case of INH-DILI according to the following formulas,
where IP t = incidence proportion in the total population and IP o = incidence proportion in the unexposed (IA/RA group), and ARR = absolute risk reduction = IP t -incidence proportion in exposed (SA). Finally, we demonstrated the clinical utility of NAT2 acetylator status and SNPs over clinical variables using ROC analysis and compared the AUCs for prediction models based on clinical factors ("clinical") and "clinical +genetic" risk factors using DeLong's test [59] . To estimate the additional contribution of genetic factors in a clinical setting, we used all known clinical factors relevant (not invariant) in our cohort, which were age, gender and self-reported ethnicity. The performance of each prediction model (overall sensitivity and specificity) was calculated using AUC of the ROC curves as well as Youden's index (or Youden's J statistic), where J = sensitivity + specificity -1. The maximum value of J along all points on the ROC curve represents the optimum sensitivity and specificity [60] . All analyses were conducted in PLINK v1.9 [61] or R version 3.3.3 [62] . 
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